Experimental observations have been made during steady-state operation of the NASA Lewis Bumpy Torus experiment at input powers up to 150 kW in deuterium and helium gas, and with positive potentials applied to the midplane electrodes. This steady-state ion heating method utilizes a modified Penning discharge operated in a bumpy torus confinement geometry such that the plasma is acted upon by a combination of strong electric and magnetic fields. Experimental investigation of a deuterium plasma revealed electron temperatures from 14 to 140 eV and ion kinetic temperatures from 160 to 1785 eV. At least two distinct modes of operation exist, each of which is associated with a characteristic range of background pressure and electron temperature. Experimental data show that the average ion residence time in the plasma is virtually independent of the magnetic field strength.
Introduction
The steady-state plasma in the NASA Lewis Bumpy Torus facility is generated by a modified Penning discharge operated in conjunction with the bumpy torus magnetic field geometry. This results in a combination of electric and magnetic fields acting on the plasma which are responsible for heating the ions to high kinetic temperatures. The electric fields are applied to the plasma in such a way that they also may improve the stability and confinement of the plasma.
The bumpy torus configuration receives its name from the shape assumed by the confined plasma and consists of a number of coils (12 for the Lewis facility) arranged as indicated in figure 1 . This confinement geometry, in the form used in the Lewis facility, was proposed by Gibson, Jordan, and Lauer] who later performed an extensive series of investigations of single particle motion relevant to this geometry2-5. Somewhat later, Geller6-7 operated a pulsed plasma source in a bumpy torus geometry and reported near classical confinement of the afterglow plasma7. Fanchenko, et al.°have investigated turbulent heating in a bumpy torus plasma, and Dandl and coworkers9 have carried out extensive experimental investigations on electron cyclotron resonance heating in the Oak Ridge ELMO Bumpy Torus device. The approach taken in the NASA Lewis Bumpy Torus experiment differs from that adopted in the ELMO Bumpy Torus at Oak Ridge. The ELMO creates a stable magnetic well in each sector of the torus with high beta, hot electrons which are generated by absorption of RF power; the ion population is heated by binary collisions with the more energetic electrons. In the Lewis Bumpy Torus, D.C. electric fields are applied to the plasma by external electrodes, and the ion population is directly heated by E/B drift, resulting in ion temperatures substantially higher than that of the electron population. The Bumpy Torus experiment at the NASA Lewis Research Center was preceded by approximately 9 years of research and development on a modified Penning discharge which was operated in a superconducting magnetic mirror facility . The ion heating mechanism associated with the modified Penning discharge was experimentally explored an,d a consistent model was de- veloped to describe itll-14. This paper summarizes preliminary investigations of the NASA Lewis Bumpy Torus plasma which are restricted to the application of positive potentials to the midplane electrode rings, and to information which could be extracted from a charge exchange neutral energy analyzer, an optical spectrometer, capacitive probes, and Langmuir probes. During these investigations, hazardous levels of x-ray production, arcing in the vacuum tank, and external flashover limited the applied DC potential to 50 kilovolts, and heating of the'surfaces in the vacuum tank limited the DC input power. The plasma will not reach its maximum ion temperature or density until modifications and further development work remove these limitations.
Characteristics of the Bumpv Torus Plasma
The characteristics and performance of the NASA Lewis superconducting bumpy torus magnet facillty (see fig. 1 A photograph of the bumpy torus plasma is shown in figure 2 , which was taken through one of the 25 cm diameter glass viewports in the equatorial plane of the torus. The.vertical element in the foreground is the near side of an 18 cm i.d. water-cooled anode ring located at the midplane of the plasma, which is maintained at positive DC potentials up to 50 kilovolts. Visible to the left of center in the background is the anode ring and the plasma at the opposite diameter of the tor67dal array. The ions and electrons are heated by ExB drift in the strong crossed electric and magnetic fields which exist between the midplane electrode ring and the plasma, and also between the plasma and the grounded magnet dewars and walls of the vacuum tank. The plasma floats at a high positive potential when a positive voltage is applied to the circular midplane electrodes.
the plasma, and no electrodes of any description are inside the toroidal plasma volume to emit secondary electrons. Spectroscopic evidence17 indicates that the anode currents are proportional to the particle loss rate. This further Implies that the electrical circuit to the power supply is completed by Ions which are transported across the magnetic field lines to the grounded walls surrounding the plasma, rather than by electrons emitted from cathode surfaces. This distinguishes the modified Penning discharge from arcs or reflex discharges In which a heated electronemitting cathode is in direct contact with the plasma and plays a necessary role in Its operation.
Qoeratina Regimes of the Bumvp Torus Plasma
The current-voltage characteristics of the bumpy torus plasma are shown on figure 3(a) for deuterium gas and on figure 3(b) for helium gas. The plasma is characterized by at least three distinct regimes of operation. The so-called "high pressure mode" (HPM)
Is apparent at the higher neutral gas pressures represented by the curves in the upper left of figures 3(a) and 3(b) . in the high pressure mode, with all 12 anode rings operating, the current is approximately proportional to the cube of the anode voltage until a critical current and voltage are reached at which the discharge spontaneously changes mode. discharge as a vacuum gauge19.
The behavior of the current-voltage curves and of the mode transitions in figures 3(a) and 3(b) are qualitatively the same for deuterium and helium gas and exhibit only relatively small quantitative differences. This similarity suggests that the high and low pressure modes of operation do not occur because of metastable production or as a result of processes which depend on either a diatomic or monatomic molecular structure.
It was thought that charge-exchange processes might play a role in determining the operating regime of the plasma. Figure 4 (a) shows a plot of experimentally measured ion temperature versus electron temperature in deuterium gas. This plane is divided by two curved lines which are obtained by setting the charge-exchange time of D+ on D2, and of Di on D2, equal to the ion residence time in the plasma. It will be shown in the section on particle transport that the ion residence time is equal to the mean free time between ionization events by electron impact in this steady-state plasma, and the latter can be calculated from the spectroscopically determined electron temperatures and the neutral gas pressure. In deuterium gas, all of the data were taken in the region in which the mean free time between charge exchange was longer than the average ion residence time. The deuterium ions have a higher probability of being lost from the plasma than they have of undergoing charge exchange. Figure 4 (b) shows similar data plotted for helium gas. In helium,the data lie in the region in which the average ion residence time is longer than the charge-exchange time. in hel'ium gas, a helium ion will charge exchange, on the average, long before its charge is lost to the walls. The fact that in helium charge-exchange processes dominate, while in deuterium they do not tends to rule out charge exchange as a cause of the similar high and low pressure mode behavior observed in the two plasmas.
The mode of operation of the discharge appeared to be characterized by only two parameters, the neutral number density and the electron temperature. On figures 5(a) and 5(b) are plotted the background neutral gas pressure and the spectroscopically determined electron temperature for the two modes of operation in deuterium and helium gas, respectively. For both gases, there is a minimum pressure below which the high pressure mode is not observed. This minimum pressure is ape roximately 2.7x1o05 torr in deuterium gas, and 5x105 torr in helium gas. In addition, there exists a critical electron temperature of about 35 eV which separates the two modes of operation in both gases. The boundaries of the operating regimes indicated on figure 5(a) and 5(b) do not bear any obvious relation to the mean free paths or particle residence times in these plasmas. The physical process responsible for triggering the mode transition is not understood at present and is a subject of continuing investigation.
Ion Heating in the Bumov Torus
The ion heating process in the modified Penning discharge has been extensively investi ated in an axisymmetric magnetic mirror geometry1 , 13 Figures 5a, 5b Operating regimes of the high and low pressure modes in the neutral pressure-electron temperature plane; a) deuterium gas, b) helium gas.
determined by the ion Debye length12'13. The gyrodiameter of the electrons is much smaller than the ion Debye length, so the electrons see the full electric field of the sheath and drift with the ExB/B drift velocity. In the modified Penning discharge, however, the ion gyrodiameter is larger than the ion Debye length. The average ion spends only a fraction of its time in the electric field of the sheath and therefore sees an effective electric field much smaller than the electric field in the sheath. For this reason, the ions drift with an azimuthal velocity much smaller than that of the electrons, usually from 1/5 to 1/20 of the electron drift velocity. This ion spoke velocity has been found to be proportional to the square root of the most probable energy of the ions, as measured by a charge-exchange neutral detector1 1,14,20. Experimental evidence for these spokes in the bumpy torus plasma is shown on figure 7 (see also ref. The nature of the ion energy distribution function was investigated as a function of discharge operating conditions, and a definite trend became apparent when magnetic field was the independent variable. The ion energy distribution functions can be classified into four mutually exclusive descriptive categories, samples of which are illustrated in figure 9 , along with the best-fitting Maxwellian where this is appropriate.
The most common distribution function best fits a single-slope Maxwellian and is most prevalent at high magnetic fields, above Bmax >_ 2.0 Tesla. An example of the single slope Maxwellian is shown in figure 9 (a).
The reduced data fit a Maxwellian distribution with kinetic temperature Vi = 1450 eV over four orders of magnitude in the relative number density, or more than 9 energy e-folding lengths, in spite of the fact that the analyzer sampled ions across the entire diameter of the plasma. The next most frequent type of distribution function was the two-slope distribution illustrated in figure 9(b The final ion energy distribution is shown in figure 9(d) and is dominated by a single very The spectroscopic measurements were made with a 1.5 meter Fastie-Ebert spectrometer. A thin horizontal chord through the plasma perpendicular to the magnetic field was viewed through a beam rotator and imaging optics as shown in figure 10 . The measurements were made at the magnetic mirror midplane in the region between a set of double anode rings spaced 3 cm apart. Chords at different vertical positions were observed by translation of the lens perpendicular to the optical axis. Additional information concerning the spectroscopic methods and apparatus may be found in references 22 and 24. Radial profiles of the electron temperature and relative number density were taken for various conditions in the high and low pressure modes of operation and are plotted on f igures 11 space-averaged electron number density and 'T is the net charge residence time. Since the ions and electrons move across the magnetic field lines to compiete the electrical circuit to the power supply, one would normally expect I p to be a function of magnetic field and to be governed by classical or Bohm diffusion. One can obtain a rough measure of the variation of the net charge residence time, ?c, with magnetic field by studying whether the anode current is a function of magnetic field while discharge parameters other than the electron number density remain constant.
ELECTRON TEMP. eV of two. A factor of 100 would have been anticipated on the basis of classical diffusion. Unfortunately, figure 13 is not conclusive because the relative electron number density was not measured simultaneously. A second line of evidence which illustrates that particle transport is weakly dependent on magnetic field in the Bumpy Torus can be obtained from spectroscopic observations. RADIUS, CM Figure 12 Relative electron number density as a function of radius in deuterium gas for the four operating conditions designated "A" through "D" on table II. This point can be illustrated with the data shown in figure 13 , in which the anode current is plotted as a function of magnetic field for three combinations of background pressure and anode voltage. Although the magnetic field varies over a factor of ten, the anode current varies only by about a factor i nO;V?ne c (3) and is equal to the average ion residence time in the steady state. This time may be calculated from the neutral background pressure and the spectroscopically determined electron temperature.
Plotted in figure 14 is the average ion residence time in deuterium gas as a function of magnetic field over more than a factor of 10 Figure 12) , the theory of reference 27 would lead one to expect a significant difference in the ion kinetic temperature and degree of Maxwellianization in the two modes of operation. In fact, the ion kinetic temperatures are essentially the same in both modes of operation (all independent variables being the same), and the degree of Maxwellianization is, if anything, greatest in the low pressure mode of operation. Further difficulties in applying the theory of reference 27 to the present experiment are that the relative drift velocity between ions and electrons is much greater than can be accounted for by centrifugal effects (see figure 7 and reference 12) ; the E/B drift velocity of the ions is comparable to the ion thermal velocity; and ion heating is observed when the ion cyclotron frequency is both below and above the ion plasma frequency.
The NASA Lewis Bumpy Torus plasma operates in a high and low pressure mode of operation. These modes of operation do not appear to be significantly affected 2 4 by the type of gas used, and the mode transitions do not appear to be influenced by charge-exchange processes, metastable ion formation, or processes depending on whether the gas is monatomic or diatomic. 
